Abstract. Hepatocyte growth factor (HGF) is a promising agent for the treatment of intractable liver disease, due to its mitogenic, anti-apoptotic, and anti-fibrotic effects. We investigated the effect of recombinant human HGF (rh-HGF) on the development of both hepatocellular carcinoma (HCC) and preneoplastic nodules in rats fed a choline-deficient L-amino acid-defined (CDAA) diet, an animal model of hepatocarcinogenesis resembling human development of HCC with cirrhosis. From weeks 13 to 48 of the CDAA diet, rh-HGF (0.1 or 0.5 mg/kg/day) was administered intravenously to rats in four-week cycles, with treatment for five consecutive days of each week for two weeks, followed by a two-week washout period. Treatment with rh-HGF significantly inhibited the development of preneoplastic nodules in a dose-dependent manner at 24 weeks. Although the numbers and areas of the preneoplastic nodules in rats treated with rh-HGF were equivalent to those in mocktreated rats by 60 weeks, the incidence of HCC was reduced by HGF treatment. Although one rat treated with low-dose rh-HGF exhibited a massive HCC, which occupied almost the whole liver, and lung metastases, HGF treatment did not increase the overall frequency of HCC. Administration of high-dose rh-HGF, however, induced an increase in the urinary excretion of albumin, leading to decreased serum albumin at 60 weeks. These results indicate that long-term administration of rh-HGF does not accelerate hepatocarcinogenesis in rats fed a CDAA diet. However, these findings do not completely exclude the potential of HGFinduced hepatocarcinogenesis; this issue must be resolved before rh-HGF can be used for patients with intractable liver diseases, especially those with cirrhosis.
Introduction
Hepatocyte growth factor (HGF), originally isolated from the plasma of patients with fulminant hepatic failure, was identified as a potent mitogen for hepatocytes (1, 2) . HGF is a multifunctional growth factor that acts as a mitogen, motogen, and morphogen for a wide variety of cells, including epithelial and endothelial cells (3) (4) (5) (6) . In addition to promoting hepatocyte proliferation (7) (8) (9) , this factor acts in concert with transforming growth factor (TGF)-· and heparin-binding epidermal growth factor during liver regeneration (10, 11) . HGF also ameliorates hepatic injury by stimulating anti-apoptotic effects in animal models of fulminant hepatic failure (12) (13) (14) (15) (16) (17) (18) and attenuating hepatic fibrosis in animals with liver cirrhosis (19) (20) (21) (22) (23) . Consequently, HGF may induce liver regeneration, inhibit disease progression, and ameliorate hepatic fibrosis in patients suffering from intractable liver disease.
We have established an enzyme-linked immunosorbent assay to measure serum levels of human HGF. Using this assay, we identified increased serum HGF levels in patients with a variety of liver diseases (24) . Serum HGF levels are a valuable prognostic tool in fulminant hepatic failure (25) . We attempted to develop an innovative therapy using recombinant human HGF (rh-HGF) for the treatment of fatal liver diseases, including fulminant hepatic failure, small-for-size liver grafts in living donors, and liver cirrhosis. We recently demonstrated that bolus intravenous injection of rh-HGF led to increased serum levels of human HGF, which primarily distributed to the ONCOLOGY REPORTS 16: 25-31, 2006 25 Effect of hepatocyte growth factor on endogenous hepatocarcinogenesis in rats fed a choline-deficient L-amino acid-defined diet liver (26) . Despite its short half-life, a single intravenous injection of rh-HGF induced the tyrosine phosphorylation of c-Met, the specific receptor for HGF, in liver tissues. It is necessary, however, to resolve whether repeated intravenous injection of rh-HGF accelerates hepatocarcinogenesis before clinical application of rh-HGF can proceed to the treatment of intractable liver diseases, especially cirrhosis, in which hepatocellular carcinoma (HCC) develops at a high incidence.
In rats fed a choline-deficient L-amino acid-defined (CDAA) diet, HCC develops without any exposure to exogenous carcinogens (27) . This animal model of hepatocarcinogenesis is an appropriate experimental system, as HCC occurs in conjunction with fatty liver, hepatocyte death, and subsequent regeneration, fibrosis, and eventual cirrhosis (28), a similar progression to the histopathological sequence of human HCC development with cirrhosis.
In this study, we administered rh-HGF intravenously to rats fed a CDAA diet for an extended period (36 weeks). We then investigated the effect of HGF treatment on the development of preneoplastic nodules and HCC, which arises from neoplastic nodules, induced by long-term (60 weeks) administration of a CDAA diet.
Materials and methods
Animals. Six-week-old male Fischer 344 rats were obtained from Kyushu Experimental Animal Supply (Kumamoto, Japan). Animals were maintained at a constant room temperature (25˚C) and provided free access to water and the food indicated throughout the study. The protocols for these animal studies were approved by the ethics committee of the University of Miyazaki (Miyazaki, Japan).
Experimental protocol. After a one-week acclimation period on a standard diet, rats were switched to a CDAA diet (Dyets Inc., Bethlehem, PA). After a 12-week administration of the CDAA diet, rh-HGF (0.1 or 0.5 mg/kg/day) (Mitsubishi Pharma Co., Tokyo, Japan) or phosphate-buffered saline (PBS) was injected intravenously into rats on five consecutive days of a week for two weeks, followed by a two-week washout from rh-HGF or PBS treatment (Fig. 1) . This four-week treatment was repeated from weeks 13 to 48 of the CDAA diet administration. The rats were sacrificed at weeks 24 and 60. Blood was obtained from the bifurcation of the abdominal aorta, from which we determined platelet counts, and the serum levels of alanine aminotransferase (ALT), albumin, total cholesterol (T-Chol), hyaluronic acid, and creatinine. We also measured the urinary excretion of albumin. The liver, spleen, and bilateral kidneys were immediately excised after sacrifice; the wet weight of these organs was then determined. Samples were subjected to histological analysis or frozen in liquid nitrogen and stored at -80˚C until analysis. After 60 weeks of CDAA diet administration, rats were maintained in metabolic cages, allowing quantitative urine collection for three consecutive days that was used for the measurement of albumin excretion.
Histopathological and immunohistochemical analysis. To evaluate the development of hepatocellular carcinoma (HCC), 5-mm thick slices of whole liver were fixed in 10% formalin and embedded in paraffin. A 2-μm section, prepared from each fixed liver slice, was then stained with hematoxylin and eosin (H&E). Histological examinations were performed independently by two investigators blinded to the protocol. HCC was diagnosed according to well-established criteria (29) .
We examined the development of precancerous lesions, which are positive for the placental form of rat liver glutathione S-transferase (GST-P), in three 5-mm thick slices obtained from the three major liver lobes (left lateral and the left and right median lobes). A 4-μm section prepared from each fixed liver slice was subjected to immunohistochemical analysis as described (28) . Briefly, after boiling in distilled water for 10 min, slides were incubated with a rabbit polyclonal antibody against GST-P (Medical and Biological Laboratories, Nagoya, Japan). After application of goat anti-rabbit IgG (Nichirei Co., Tokyo, Japan), slides were treated with avidinbiotin-peroxidase complex and chromatin 3',3'-diaminobenzidine. The number of GST-P positive nodules was counted; the area of each nodule was measured using ImagePro Plus software (version 4.5.1.28; Media Cybernetics Inc, MD, USA).
RNA isolation and quantitative reverse transcription (RT)-PCR.
We utilized quantitative PCR to examine the expression of albumin mRNA. Total RNA was extracted from rat liver tissues using Isogen reagent (Nippon Gene Co., Toyama, Table I . Effect of rh-HGF administration on the weights of the total body, liver, and kidneys in rats fed a CDAA diet for 60 weeks. 
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Experimental protocol. After a one-week acclimation period, rats were fed a CDAA diet for 60 weeks. After 12 weeks of diet administration, rh-HGF (0.1 or 0.5 mg/kg/day) or PBS was injected intravenously into rats for five consecutive days of the week for two weeks, followed by a two-week washout period. This four-week treatment was repeated from weeks 13 to 48 of CDAA diet administration. Rats were sacrificed at 24 and 60 weeks.
Japan). Total RNA (0.5 μg) was reverse transcribed using random hexamer priming in the presence of MMLV reverse transcriptase. PCR reactions combined TaqMan Universal PCR master mix, containing PCR primers and fluorogenic probes specific for rat albumin (Applied Biosystem, Foster City, CA), and 2.5 μl cDNA in a total volume of 25 μl. PCR amplification was performed in triplicate using the following temperature and cycling profile: after an initial incubation at 50˚C for 2 min and then at 95˚C for 10 min, we performed 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. Albumin transcripts, quantitated using an ABI PRISM 7700 Sequence detection system (Applied Biosystem), were normalized to the levels of amplified glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Statistical analysis. Statistical analysis was performed using Statview J-4.5 software (Abacus Concepts, Inc., Berkeley, CA). Data are expressed as means ± SD. Normally distributed variables in different groups were compared by analysis of variance, while comparisons were performed using Fisher's PLSD or the Scheffè F test. The inter-group difference was considered to be statistically significant when the p-value was <0.05.
Results
Effect of rh-HGF on the weights of the body, liver, and kidneys in rats fed a CDAA diet. The weights of the total body, the liver, and the bilateral kidneys were measured after CDAA administration for 60 weeks (Table I) . Repeated injections of rh-HGF at a low dose (0.1 mg/kg/day) (group II) did not affect these values in comparison to the mock-treated rats (group I). Rats treated with a high dose (0.5 mg/kg/day) of rh-HGF (group III); however, exhibited a significant decrease in body weight and a significant increase in the weights of the liver and kidneys.
Effect of rh-HGF on biochemical markers in rats given a CDAA diet. We also examined biochemical markers, platelet counts, and urinary excretion of albumin in rats fed the CDAA diet for 60 weeks (Table II) . When compared to the mocktreated group (group I), administration of rh-HGF at a low dose (group II) did not significantly impact the expression of biochemical marker, platelet counts, or urinary excretion of albumin. In group III, however, administration of rh-HGF at a high dose decreased serum ALT levels and increased T-Chol and platelet counts. The serum levels of hyaluronic acid and creatinine were not affected. Decreases in serum albumin and increases in urinary excretion of albumin were also induced by this treatment. This result prompted us to examine hepatic expression of albumin and the relationship between serum levels and urinary excretion of albumin (Fig. 2) . Although treatment with rh-HGF did not affect albumin expression in the liver ( Fig. 2A) , we observed an inverse correlation between Table II . Effect of rh-HGF on biochemical markers in rats fed a CDAA diet for 60 weeks. 
The data are mean ± SD. ALT, alanine aminotransferase; s-Alb, serum albumin; T-Chol, total cholesterol; Plt, platelet count; Cre, serum creatinine; u-Alb, urinary excretion of albumin. -------------------------------------------------------------------------------------------------- 
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serum levels and urinary excretion of albumin (Fig. 2B) . These results indicate that the observed decrease in serum albumin results primarily from the urinary loss of albumin, which is induced by repeated administration with high-dose rh-HGF.
Administration of rh-HGF suppressed the early development of preneoplastic lesions in rats fed a CDAA diet.
In rats given a CDAA diet, collagen fibers began to extend at four weeks, which was shortly followed by the development of cirrhosis. Preneoplastic nodules positive for GST-P were observed in a small number of rats fed the CDAA diet for four weeks (28) . In this study, all rats exhibited liver cirrhosis and GST-P-positive nodules by 24 weeks (Fig. 3) . To determine the effects of rh-HGF administration on the development of GST-P-positive nodules, we examined the numbers and areas of preneoplastic nodules positive for GST-P in rats given a CDAA diet at 24 and 60 weeks (Table III) . Although treatment with rh-HGF did not affect the number of GST-P positive nodules at 24 weeks, the average areas of these nodules were reduced following both low-and high-dose rh-HGF administration. At 60 weeks of CDAA diet administration, treatment with low-dose rh-HGF (group II) did not affect the number or area of GST-P positive nodules from the values observed in group I. High-dose rh-HGF administration, however, appeared to inhibit the development of GST-P-positive nodules, although there was no statistical significance of this inhibition in comparison to either group I or II.
Treatment with rh-HGF does not accelerate development of
HCCs in rats given a CDAA diet for 60 weeks. Multiple GST-P-positive nodules develop into HCCs during a long-term administration of a CDAA diet. These developing HCCs, which exhibit cellular atypia, irregular shapes, and trabecular patterns ( Fig. 4A and B) , were observed in a proportion of the rats at 60 weeks. To clarify the effect of rh-HGF administration on HCC development, we examined the incidence, number, and area of HCC lesions in rats fed a CDAA diet for 60 weeks (Table IV) . Although these values were not statistically significant, the incidence of HCCs was reduced in a dose-dependent manner following HGF treatment. The number of HCC lesions per animal was not affected by rh-HGF administration, regardless of the dose. In comparison to rats in group I with HCCs, treatment with high-dose rh-HGF did not affect the average area of HCC lesions in tumor-bearing rats. In group II, one of the seven rats exhibited massive HCCs, which occupied the majority of the liver and invaded into the large hepatic vein, in addition to a number of lung metastases ( Fig. 4C and D) . This animal increased the average HCC area of this group significantly (Table IV) .
Discussion
Increased rates of benign and malignant tumor formation occur in the livers and mammary glands of HGF transgenic mouse strains (30) (31) (32) (33) . In addition, both diethylnitrosamineinduced hepatocarcinogenesis and ultraviolet radiation-induced skin carcinogenesis are accelerated in these mice (33) (34) (35) , suggesting that prolonged and continuous exposure to HGF may accelerate neoplastic development in multiple organs. Transgenic mice specifically overexpressing HGF in the liver, however, do not develop HCC; the development of hepatic neoplasms induced by either TGF-· or c-myc overexpression was inhibited in these mice (36, 37) . Several investigators have examined the effect of a recombinant form of HGF lacking five amino acids (dHGF) (38) on the development of preneoplastic nodules or HCC in rat models of carcinogeninduced hepatocarcinogenesis. Although administration of recombinant dHGF stimulated DNA synthesis in preneoplastic nodules, this treatment inhibited cell proliferation of HCCs in a rat model of hepatocarcinogenesis induced by either diethylnitrosamine (DEN) or 3'-methyl-4-dimethylaminoazobenzene (39, 40) . Yaono et al reported that recombinant dHGF enhanced the development of preneoplastic hepatic foci in rats treated with the combination of DEN and N-ethyl-N-hydroxyethylnitrosamine (41) . In this study, we administered rh-HGF to a rat model of hepatocarcinogenesis induced by the CDAA diet. Treatment with rh-HGF inhibited the development of preneoplastic nodules at 24 weeks of diet administration. As not all neoplastic nodules develop into HCC, we evaluated the effect of HGF administration on the development of HCC at 60 weeks. Despite the fact that these values were not statistically significant, HGF treatment reduced the overall incidence of HCC development. Although HGF treatment did not affect the development of preneoplastic nodules at 60 weeks, the inhibition of preneoplastic nodule development at 24 weeks ONCOLOGY REPORTS 16: [25] [26] [27] [28] [29] [30] [31] 2006 Table III. Effect of rh-HGF administration on the development of GST-P-positive preneoplastic nodules in rats fed a CDAA diet. ----------------------------------------------------------------------------------------------------- The data are mean ± SD.
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may contribute to the reduced incidence of HCC in rh-HGF rats at CDAA-60 weeks. HGF is known to function as both a mitogenic and anti-apoptotic agent, but also appears to induce apoptosis in a subset of malignant cells, such as sarcomas (42, 43) . Oxidative stress is likely involved in mechanism by which HGF suppresses the growth of tumor cells (44) . Therefore, HGF may act as an apoptotic agent in vivo for HCC cells developing within the livers of rats fed a CDAA diet. The precise mechanism governing these reciprocal functions, mitogenesis and the induction of apoptosis in nonmalignant and malignant cells, respectively, remains poorly understood.
One of seven rats bearing HCCs in group II exhibited a number of massive HCCs, which occupied the majority of the liver, in the presence of lung metastases. The incidence of HCC tended to be reduced following HGF treatment in comparison to mock-treated rats (group I). In addition, the number and areas of the observed HCC lesions were not increased by treatment with high-dose HGF. Therefore, administration of low-dose rh-HGF was not associated with the massive enlargement of HCC lesion, which was observed in only a single rat of group II. As HGF is known to act as a scattering factor, intravenous administration of rh-HGF may have influenced the development of metastatic lung neoplasia.
HGF reduces hepatic fibrosis in animal models of liver cirrhosis (19) (20) (21) (22) (23) . This study is the first in which rh-HGF was administered to rats fed a CDAA diet. Administration of rh-HGF did not facilitate the hepatic fibrosis induced by the CDAA diet (data not shown). Although both liver weight and platelet counts were increased and serum ALT levels were reduced following treatment with high-dose rh-HGF (group III; 0.5 mg/kg/day), rh-HGF treatment may not be sufficient to attenuate the hepatic fibrosis induced by a CDAA diet. In contrast, long-term administration of high-dose rh-HGF (group III) induced a marked increase in the urinary excretion of albumin. Although serum creatinine levels were not affected by rh-HGF treatment, this albuminuria was irreversible, continuing for 12 weeks after the discontinuation of rh-HGF administration. Preliminary experiments revealed that repeated injections of rh-HGF for two weeks increased the urinary excretion of albumin; this albuminuria disappeared almost completely within one to two weeks after washout of rh-HGF (45) . The histopathological findings seen in the kidneys after a two-week administration of rh-HGF were indicative of reversible changes. We therefore administered rh-HGF for five consecutive days of each week for two weeks followed by a two-week washout period to prevent rh-HGF-mediated nephrotoxicity (Fig. 1) . In our studies, rats treated with low-dose rh-HGF (group II; 0.1 mg/kg/day) exhibited albuminuria equivalent to mock-treated rats (group I) by 60 weeks (12 weeks after washout of rh-HGF treatment). Conversely, as the serum levels of rh-HGF increase following intravenous administration in a bolus and the half-life of this molecule is prolonged in cirrhotic rats (26, 45) , rh-HGF nephrotoxicity may be augmented in rats fed a CDAA diet. Further experimentation is necessary to clarify the safe doses of rh-HGF that can be administered long-term or to patients with severe liver disease.
We are in the process of preparing a clinical study of rh-HGF administration to patients in fulminant hepatic failure, which is an intractable and fatal disease. The preliminary results of this clinical study indicate that short-term administration of rh-HGF is sufficient to rescue the patients, indicating a minimal possibility of HGF-induced hepatocarcinogenesis. HCCs, however, frequently develops in cirrhotic livers; longterm administration of rh-HGF is required to attenuate hepatic fibrosis in these patients. Therefore, it is important to resolve if long-term administration of rh-HGF accelerates the development of malignant tumors before we begin clinical trials for patients with liver cirrhosis. In this study, we administered rh-HGF for 36 weeks to rats fed a CDAA diet, an animal model of hepatocarcinogenesis resembling the development of human HCC. We then evaluated the effects of HGF treatment on the development of preneoplastic nodules and HCC lesions over a long experimental period. Although HGF treatment did not accelerate HCC development in this rat model of endogenous hepatocarcinogenesis, further in vivo investigations are required to clarify the risk of carcinogenesis induced by rh-HGF in both the liver and non-hepatic organs.
